Research was completed on the behaviour and fate of tetrabromobisphenol A (TBBPA) in pilot-scale membrane bioreactors and conventional activated sludge (CAS) process at the City of Guelph Wastewater Treatment Plant. Emphasis was on the physicochemical processes, biological transformation and sorption kinetics. Measurement of TBBPA at the environmental level can be challenging, so the main focus of this paper was the development of an analytical method for the nano-level determination of TBBPA. The approach used was gas chromatography-negative ion chemical ionization-mass spectrometry in select ion monitoring mode. For the wastewater matrix studied, the developed method had a low method detection level (MDL) of 2.4 ng/L. The matrix effects for influent and activated sludge mixed liquor were determined to be 36.5 ± 5.9% (n ¼ 10) and 79.2 ± 4.5% (n ¼ 10), respectively. Preliminary results show that the CAS system demonstrates better performance for TBBPA removal, with removal at 83%. This was corroborated by the batch experiments that showed that the synergistic effects of biodegradation and biosorption potentially provide more removal of the TBBPA through the activated sludge process.
INTRODUCTION
Tetrabromobisphenol A (TBBPA) is one of the most widely used brominated flame retardants in the world with a global consumption of 0.21 Mt (Alaee et al. ) . Distribution of TBBPA in all environmental compartments and biosystems makes it an important candidate for fate investigation. The USEPA () has listed TBBPA as a contaminant of emerging concern due to its adverse effect on human health and the ecosystem. Examples include feminization of fish, alteration of sex in birds and wildlife, birth defects, neurological and developmental problems in humans along with infertility. It has been identified that TBBPA exhibits one of the highest thyroid hormonal activity rates (Kitamura et al. ) , which is most likely due to the structural resemblance of TBBPA with the thyroid hormone tetraidothyroxine, as shown in Figure 1 . This resemblance may provide the impudence for mimicking the endocrine disruption effect.
TBBPA is lipophilic due to the high octanol-water partition coefficient (logKow ¼ 4.5) with potential to bioaccumulate. Bioavailability of TBBPA renders ecotoxicity, neurotoxicity and developmental disorders in humans and wildlife. At high pH values, considerable ground water contamination is likely due to increasing solubility, plus there is increased mobility of TBBPA in soil (Segev et al. ) . The dissociation of TBBPA in the environment is influenced by the pH change, particularly above 7, since pKa 1 and pKa 2 are 7.5 and 8.5, respectively (Kuramochi et al. ) . The negatively charged species of phenolate ion at the high pH range provides for less sorption to the soil surface and sludge matrix. The behaviour and fate of TBBPA in different treatment processes and landfills depends on the stability, sorption capacity, pH and physicochemical state of the system components.
TBBPA is used mostly as a reactive intermediate in the production of epoxy, phenolic and polycarbonate resins. As a reactive component, the phenolic hydroxyl groups are bonded covalently, resulting in a strong attachment to the polymer structure. However, the addi- Much research has been focused on the sludge concentration whereas fate modelling in both sludge and aqueous phase concentration needs to be accomplished for achieving a good understanding on the distribution pathways of TBBPA in the environmental ecosystem. Our research goal is to establish a fate model considering all possible variables of phase transfer and degradation mechanisms. The data for the fate model come from the robust method that has been developed to quantify aqueous phase TBBPA, specifically the gas chromatography-negative ion chemical ionizationmass spectrometry (GC-NCI-MS).
METHODS AND MATERIALS

Chemicals and reagents
All chemicals and reagents were purchased from SigmaAldrich Canada unless otherwise specified. Most chemicals were ACS grades and all solvents used were HPLC grades. Helium (99.9999%) and methane (99.9999%) were supplied by BOC Canada (Guelph, Ontario). Milli-Q water was produced from a Millipore Ultrapure Water System.
GC-MS system
The unit was an Agilent 6890N GC equipped with an auto- 
Sampling and analysis
The water samples for analysis were collected from different points of the conventional activated sludge (CAS) treatment process and the three pilot-scale membrane bioreactors A Shimadzu TOC-V unit equipped with a solid sample module 5000A was used for TOC measurement.
Calibration curves were updated every 2-3 months as specified in Standard Methods (APHA ). COD measurements were conducted colorimetrically using a Hach DR 2010 spectrophotometer. Analyses for ammonia, nitrite and nitrate were all performed using Hach Test N Tube vials. DO, pH and temperature were recorded onsite using a pH/conductivity/DO meter (probe model sensION6, Hach, USA). All tests conformed to Standard Methods (APHA ).
Conventional activated sludge system
The Guelph Wastewater Treatment Plant (GWWTP) discharges the treated effluent into the Speed River. The All raw wastewater coming to the facility is first pumped into the headworks building using large Archimedes screw pumps. Within the headworks, the wastewater flows through bar racks followed by a step screen to remove both large objects and small particles. The wastewater exits from the headworks to the aerated grit chamber. Following preliminary treatment, the wastewater undergoes multiple stages of treatment consisting of primary, secondary, tertiary and disinfection. The final effluent is discharged to the Speed River. The typical SRT for the CAS system was 12 d, with an HRT of 6-9 h. The schematic of the CAS system is shown in Figure 5 .
Matrix effect
The matrix refers to everything in the sample other than the analyte of interest. The extent of interference to the determination of analyte in the sample is the matrix effect. 
where C LFB is the concentration measured in the LFB and C LFM is the concentration measured in the LFM. 
Biosorption batch experiment
Biosorption of TBBPA was studied by using fresh activated sludge. Adsorption isotherms were developed to explain the biosorption behaviour of TBBPA in activated sludge. Table 1 .
The standard deviation of these seven samples was multiplied by 3.14, the Student's t-factor for seven replicates with six degrees of freedom at the 99% confidence. The MDL thus determined was 2.4 ng/L which is reasonable for the environmental level analysis of TBBPA.
Quality assurance, repeatability and reliability of the method was assured by adding method blank, LFB and LFM to each batch according to Standard Methods. The water content for activated sludge after centrifugation at 2,000 g was 70% on average. Significant variability of TBBPA concentration in the influent was observed due to the daily and seasonal variation. The TBBPA removal efficiency for the CAS system was determined as 83%.
Matrix effect
The percent matrix effect for the influent was 36.5 ± 5.9
(n ¼ 10). The influent matrix changes depending on daily Table 2 .
Biotransformation and biosorption
The potential for biotransformation of TBBPA by heterotrophic and nitrifying bacteria was investigated. The depletion of TBBPA concentration in the bioreactor can be attributed to the bacterial degradation during incubation. comparison to biosorption clearly demonstrates the potential for biodegradation.
Biosorption isotherms
Biosorption isotherms were developed by using the Freundlich equation. Figure 10 shows the biosorption isotherm fitting for the Freundlich model. 
